Abstract. Exosomes are one of the most potent intercellular communicators, which are able to communicate with adjacent or distant cells. Exosomes deliver various bioactive molecules, including membrane receptors, proteins, mRNA and microRNA, to target cells and serve roles. Recent studies have demonstrated that exosomes may regulate the functions and diseases of the skin, which is the largest organ of the human body. The abnormal functions of the skin lead to the progression of scleroderma, melanoma, baldness and other diseases. A previous study has demonstrated that epithelial progenitor cells are rich in several subunits of exosomes that may maintain the proliferative capacity of these epithelial progenitor cells, which is essential for the development of the epidermis. Exosomes derived from human adipose mesenchymal stem cells accelerate skin wound healing by optimizing fibroblast properties; this is beneficial for the recovery of postoperative and other wounds. Exosomes derived from adipocytes promote melanoma migration and invasion through fatty acid oxidation; therefore, in the clinic, it may be possible to improve the prognosis of patients with melanoma by reducing their body fat content. Exosomes derived from keratinocytes modulate melanocyte pigmentation, which has been utilized as a novel mechanism for the regulation of pigmentation in conditions including Moynahan syndrome and albinism. Meanwhile, scleroderma patients with vascular abnormalities may experience decreased serum exosome levels; it may therefore be possible to detect the exosome content in sera in order to diagnose and treat scleroderma. In addition, the use of exosomes has been suggested to promote or enhance hair growth, which has been demonstrated to be highly effective. These studies have provided new opportunities and therapeutic strategies for understanding how exosomes regulate intercellular communication in pathological processes of the skin.
Introduction
Skin refers to an organization of tissues on the surface of the body and is the largest organ of the human body, accounting for 16% of the body weight (1) . Skin is the physical, chemical and immunological barrier of organisms. Thus, skin prevents the loss of useful substances from an organism. Skin also undertakes various functions, including repairing itself, perspiring, detecting temperature and pressure, and providing additional structural support (2) (3) (4) . The development and function of the skin are affected by multiple factors, including environmental factors and hormones (5) . Recently, exosome studies have indicated that some exosomes are involved in the physiological and pathological processes of the skin (6, 7) . Such findings have provided a novel perspective for the understanding of the molecular mechanisms involved in these processes.
Exosomes are small cell-derived vesicles (~100 nm in diameter) that are found in the majority of, if not all, biological fluids (8) . Exosomes originate from endosomes and deliver various bioactive molecules to target cells (9) . The recognition of exosomes by target cells is a specific, and involves the following events: i) Recognition between surface receptors;
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ii) direct fusion of the exosome with target cell membrane; and iii) ingestion by the target cell through endocytosis (10) . They are important mediators of cell-to-cell communication, which is involved in multiple processes, including the immune response, apoptosis, angiogenesis and inflammation (11) . Cells secrete exosomes that present signal molecules to nearby or distant tissues or cells, serving a regulatory role (12) . To date, the mechanism of action of exosomes is poorly understood. Therefore, further studies are required to determine how exosomes regulate skin diseases and functions.
To date, studies on exosomes have become gradually applicable in clinical practice. For instance, exosome mRNA may be used as a diagnostic marker for lung cancer (13), exosome-derived glutathione peroxidase 1 may restore hepatic oxidant injury (14) , and exosomal glypican 1 and its regulatory miRNAs may be specific markers for the detection and targeted therapy of colorectal cancer (15) . With further study, the clinical applications of exosome markers may be increased.
Skin
The skin is a complex structure composed of multiple cell types and proteins, which comprise the epidermis, dermis and subcutaneous tissue (3) . Skin is the indispensable barrier between the organism and the environment. Barrier function is an irreplaceable function of the skin (16) , and the skin contains various accessory organs (17) . There are multiple types of cells that secrete exosomes in the skin, for example keratinocytes, fibroblasts and adipocytes secrete exosomes into other cells or body fluids to participate in biological activity (6, 18, 19) .
Skin diseases, including viral dermatosis, fungal dermatosis, connective tissue disease, pigmented dermatosis and skin tumors, are among the most common diseases in humans (20, 21) . Damage to the physiological function and normal structure of the skin may lead to skin diseases (22) . Understanding the pathogenesis of various types of skin diseases may contribute to the establishment of effective therapeutics. Therefore, more research should focus on ways to prevent and treat skin diseases. Various studies have identified an association between exosomes and skin diseases (23) (24) (25) . For instance, melanoma cells secrete exosomes, which are abundant in the tumor microenvironment, to impact on the pathological process (26).
Biological characteristics of exosomes
Exosomes are a kind of 40-100-nm biological membrane-bound structure, which are secreted by a variety of cells, including hematopoietic cells, mesenchymal stem cells (MSCs), adipocytes, keratinocytes and tumor cell lines, and released into the extracellular environment (27) . Exosomes are widely distributed in body fluids (blood, urine and breast milk) (28) . In 1983, Pan and Johnstone (29) first discovered exosomes in mammalian reticulocytes from mature sheep.
The origin of the exosomes is endocytosis (30) . The inward budding of endosomes produces intraluminal vesicles (ILVs) that accumulate to form multivesicular bodies (MVBs). MVBs fuse with the plasma membrane, then release ILVs into the extracellular space or biological fluids (31, 32) . This process of exosome formation is depicted in Fig. 1 . Exosomes may be internalized by target cells to participate in various physiological or pathological processes (33) . Exosomes have multiple specific marker proteins, including membrane transport and fusion proteins (GTPases, annexins and flotillin), tetraspannins (34) , heat shock proteins (Hsps; heat shock cognate 70 and Hsp90), proteins involved in MVB biogenesis (Alix and tumor susceptibility gene 101 protein), as well as lipid-related proteins and phospholipases (35) .
Exosomes derived from different cells or tissues have varying functions. A previous study on exosomes demonstrated that they were associated with cellular functions and disease states (36) . Research has investigated the relationship between exosomes and the immune response (37) . For example, exosomes released by stem cells have been indicated to contribute to the treatment of autoimmune diseases (38) . Alloreactive T cells may be activated by the exosomes secreted by donor dendritic cells (39) . Furthermore, the roles of exosomes in cancer have been reported. Cancer-associated fibroblast-derived exosomes have been demonstrated to alter the metabolic mechanism of tumor cells (40) . High-grade ovarian cancer cells secrete effective exosomes that serve an influential role in tumor angiogenesis (41) . Tumor cell-derived exosomes are involved in tumor progression by multiple mechanisms, including proliferation, invasion, immunosuppression and formation of the premetastatic niche (42) . For instance, tumor cell-derived exosomes are able to destroy the host immune system, and enhance tumor cell survival, growth and migration (43) .
In addition, exosomes contain biologically active substances, including proteins, mRNA, microRNA (miRNA), cytokines and transcription factors (44) . miRNA, single-chain and non-coding RNA with a length of 18-25 nt, regulate gene expression at the post-transcriptional level (45) . miRNA interact with mRNA and have been indicated to degrade target mRNA or inhibit target mRNA translation (7) . A single miRNA may regulate several target mRNA, and multiple miRNA may also bind to one target mRNA (46) . Increasing evidence suggests that miRNA serve a critical role in multiple biological functions (47) . Exosomes derived from MSCs attenuate renal fibrosis via miRNA let7c (48) . Adipose tissue-derived MSC exosomes enhance hepatocellular carcinoma chemosensitivity by delivering miRNA-122 to the tumor cells (49) . miRNA-9 and miRNA-124 of exosomes released into the serum may be utilized as biomarkers for acute ischemic stroke and to evaluate the degree of damage caused by ischemic injury (50) . However, in the present review, the predominant focus will be on the regulation of skin functions and diseases by exosomes. These physiological and pathological processes in which exosomes are involved are outlined in Table I .
Exosomes and skin development
The development of the skin, particularly the epidermis, is essential for the survival of organisms. If the epidermis cannot be sufficiently self-renewed and differentiated, it may lead to a variety of skin diseases (51) . Balance between this self-renewal and differentiation needs to be regulated by progenitor and stem cells (52) . A previous study demonstrated that subunits of the exosomes (EXOSC7, EXOSC9 and EXOSC10) are abundant in epidermal progenitor cells, and are essential to avoid premature differentiation of progenitor cells (53), the mechanism for which may involve reduced production of grainyhead like transcription factor 3, a transcription factor essential for epidermal differentiation, through targeted degradation of its mRNA (53, 54) .
Wnt signaling pathways serve an important role in various developmental processes, such as the self-renewal of mammalian skin or tissue (55) . A previous study identified that Wnt proteins are transported through the exosomes (56) . Wnt induces the activation of β-catenin in endothelial cells by exosomes, thus promoting skin repair (57) .
Hair of humans is the role of necessity and metabolism, and its predominant function is for warmth in mammals. Androgenetic alopecia is a common chronic skin condition that leads to hair loss in humans (58) . A patented clinical study suggested that a pharmaceutical composition prepared by using exosomes may promote or enhance hair growth, making the hair thicker and longer. The exosomes were secreted by stem cells, such as MSCs (59).
Exosomes and skin pigmentation
The occurrence and mechanisms of skin and hair color development in mammals and humans are complicated and affected by multiple factors. Pigmentation is the core of the process, and is predominantly regulated by α-melanocyte-stimulating hormone/melanocortin 1 receptor, mitogen-activated protein kinase (stem cell factor/c-Kit), eosinophil-derived neurotoxin and the Wnt signaling pathway (60) . Skin pigmentation requires close communication between cells. In the skin epidermis, melanocytes and keratinocytes form the epidermal melanin unit (6) . Ultraviolet B is able to induce melanin production in melanoma cells (6) . The difference in skin color is controlled by the melanin content (61). Abnormal skin pigmentation may lead to hyper and hypopigmentation disorder; a study by Lo Cicero et al (6) recently indicated that human keratinocyte-derived exosomes carry specific miRNA (miRNA-3196 and miRNA-203) and target melanocytes to regulate pigmentation, through the alteration of gene expression and the activation of key enzymes.
Vitiligo is a common pigmentation disorder of the skin, caused by the loss of functional melanocytes (62) . The data presented in a previous study demonstrated that exosomes isolated from sera of active vitiligo patients differentially expressed 47 miRNA compared with healthy controls (23) . This indicated a difference in the miRNAs between the serum exosomes of patients with vitiligo and those of healthy individuals, and contributed to understanding the role of melanocytes in the pathogenesis of vitiligo. Such research may allow for the development of a novel approach to manipulate pigmentation via exosomes, including crosstalk between melanocytes and keratinocytes, and the pathogenesis of abnormal pigment disorders.
Exosomes and skin wound healing
Previous studies, listed below, have indicated that exosomes promote skin wound healing through a paracrine mechanism, and suggest that the principal mechanism depends on the source of the exosomes. However, cells derived from different sources, including adipose mesenchymal cells and human amniotic epithelial cells, have demonstrated similar characteristics to MSCs (63) . Exosomes of endothelial progenitor cells from human umbilical cord blood may also accelerate skin wound healing (64) . Exosomes released from human induced pluripotent stem cell-derived MSCs have the ability of tissue repair by promoting collagen synthesis and angiogenesis (63) . Similarly, exosomes secreted by cardiosphere-derived cells contribute to scar reduction (65). (93) miRNA, microRNA; MSC, mesenchymal stem cell; TGF-β, transforming growth factor-β; SSC, squamous cell carcinoma.
In addition, adipose MSC-derived exosomes (ASCs-Exos) are internalized by fibroblasts to influence cell migration, proliferation and collagen synthesis (24) . Histological analyses have indicated that the effect of ASCs-Exos on collagen is different between the early and later stages of wound healing, with increased collagen I and III synthesis at early stages and decreased collagen synthesis at later stages (24) . ASCs-Exos may also promote cutaneous wound healing via optimizing the properties of fibroblasts (24) . Human amniotic epithelial cell-derived exosomes have been demonstrated to expedite wound healing and inhibit scar formation by promoting proliferation and migration of fibroblasts (66) . Human umbilical cord MSC-derived exosomes (hucMSC-Exos) through the Wnt4 pathway are also involved in skin wound healing. HucMSC-Exos facilitate the function of endothelial cells; various studies have demonstrated that the hucMSC-Exo-mediated Wnt4 pathway induced β-catenin activation in endothelial cells and enhanced vascular regeneration (57, 67) . Furthermore, research has suggested that exosomes from the serum may accelerate wound healing in mice, predominantly due to the impact on collagen synthesis (68) .
At present, the most notably obstacle in the treatment of skin wounds is how to prolong healing, particularly in the cases of wound recovery in diabetic patients and patients who have received surgery. Therefore, exosomes may provide a promising approach for skin wound repair.
Exosomes and skin cancer
Skin cancer is a common disease and the morbidity is increasing dramatically, particularly in Caucasians. For example, the incidence of skin cancer among Caucasians in America reached 165 per 10,000 individuals in 2015 (69, 70) . Skin cancers include melanoma, basal cell carcinoma and squamous cell carcinoma (SCC); the latter two diseases are non-melanoma (69). Tumor cell-derived exosomes are abundant in the tumor microenvironment; they contribute to the formation of the premetastatic niche and attack the host's immune system (26) . Exosomes may be used as an effective tool in cancer diagnosis and prognosis due to their particular pro-tumorigenic characteristics (25) .
Melanoma, also known as malignant melanoma, forms through malignant transformation of melanocytes and often occurs in the skin. Melanoma is the most malignant tumor of the skin tumors (71) . Due to the aggressiveness, ease of distant metastasis and treatment resistance, melanoma has a high mortality rate (72) (73) (74) . Early diagnosis and treatment is therefore particularly important.
A study by Hood et al (75) demonstrated that melanoma exosomes induced different patterns in the sentinel lymph node genes, which was dependent on the establishment of the angiogenesis mode of the matrix structure. This was conducive to the growth of the tumor. In melanoma cells, Wnt5A strengthens the capacity of invasion and metastasis by inducing the immunomodulatory and pro-angiogenic factors released from exosomes (76) . Melanoma exosomes may promote the ability of lymph node tumor tolerance mediated by myeloid-derived suppressor cells and lymphatic endothelial cells, which leads to damage to the function of tumor immune surveillance in lymph nodes (77) .
Previous studies have indicated that miRNA are also closely related to melanoma (7, (78) (79) (80) . For instance, melanoma cells secrete exosomes carrying miR-222 to promote tumorigenesis by activating the phosphoinositide 3-kinase/AKT pathway (7) . The expression level of miRNA-125b was downregulated in serum exosomes of patients with melanoma compared with the levels in healthy individuals. miRNA-125b is a characteristic miRNA from melanoma-derived exosomes, which may directly inhibit the expression of c-Jun protein and control the development of melanoma (81) . miRNA-17, -19a, -21, -126 and -149 were highly expressed in the exosomes of patients with metastatic sporadic melanoma compared with the levels in patients with familial melanoma and normal controls. Notably, there was no significant difference in the miRNA expression level between the healthy controls and the patients with familial melanoma (82) .
Non-melanoma, predominantly SCC, may use exosomes to increase crosstalk between tumor cells and the tumor microenvironment (83) . Transforming growth factor-β (TGF-β) signaling is important for cancer occurrence and development. It has been demonstrated that exosomes in the tumor microenvironment have the ability to re-activate TGF-β signaling in SSC (84) . Exosomes secreted from head and neck SCC cells change their protein composition in response to ionizing radiation, which may induce changes in translation or transcription (85) . Relevant research data has indicated that the exosomes of head and neck SCC cells also promote the survival of recipient cells (83) .
In summary, exosomes serve an important role in the occurrence and development of tumors. Full elucidation of the mechanism of exosome function is conducive to the diagnosis and treatment of skin cancer.
Exosomes and other skin diseases
Scleroderma is a connective tissue disease, and its main features include endothelial cell dysfunction, immune activation and excessive skin fibrosis (86) . A previous study demonstrated that patients with scleroderma had a reduced level of exosomes in their serum, which was predominantly due to vascular abnormalities disrupting the transportation of exosomes derived from the fibrocytes of skin tissue (68, 87) . However, in dermatomyositis and scleroderma overlap syndrome, exosomes exist as an autoantigenic complex (88, 89) .
Another disease associated with skin is obesity. Obesity is a common metabolic syndrome and a systemic inflammatory state that affects almost every organ system in the body (90) . Adipocytes of people with obesity may induce inflammation (91) . Fortunately, adipocyte-derived exosomes may carry miRNA to regulate end-organ TGF-β and Wnt/β-catenin signaling, which are inflammatory and fibrotic signaling pathways (92) . A recent study supports this view; the exosome-like vesicles secreted by adipose tissues carry ~one third of miRNA relevant to adipogenesis to induce adipogenesis of adipose tissue-derived stem cells (93) . A study by Skowron et al (94) suggested that obesity increased the risk of melanoma malignant metastasis. Recently, a mechanism by which exosomes are linked to obesity and melanoma was identified. It was revealed that adipocyte exosomes carried the majority of proteins involved in lipid metabolism, primarily for fatty acid oxidation. Crucially, this feature contributed to the migration and invasion of melanoma cells (19, 95) . These results may explain why patients with obesity and melanoma have a poor prognosis, and may lead to a novel strategy for the treatment of melanoma by reducing body fat content or inhibiting fatty acid oxidation.
Conclusion
The discovery and confirmation of the role of exosomes has had a profound influence on the understanding of organism physiology and pathological processes. Exosomes not only carry pathological or physiological marker proteins/RNA of donor cells, but may also act as a vehicle for the transfer of drugs and other molecules to lesion sites. Furthermore, exosomes also have the potential to be modified and processed. In the present review, exosomes involved in skin development, function and diseases were discussed. Further in-depth studies of exosomes are required to determine whether they may be utilized as high-performance tools and as a novel pathway for regulating skin development and diseases in the future.
